[1] Recent P wave velocity compilations of the oceanic crust indicate that the velocity of the uppermost layer 2A doubles or reaches $4.3 km/s found in mature crust in <10 Ma after crustal formation. This velocity change is commonly attributed to precipitation of low-temperature alteration minerals within the extrusive rocks associated with ridge-flank hydrothermal circulation. Sediment blanketing, acting as a thermal insulator, has been proposed to further accelerate layer 2A evolution by enhancing mineral precipitation. We carried out 1-D traveltime modeling on common midpoint supergathers from our 2002 Juan de Fuca ridge multichannel seismic data to determine upper crustal structure at $3 km intervals along 300 km long transects crossing the Endeavor, Northern Symmetric, and Cleft ridge segments. Our results show a regional correlation between upper crustal velocity and crustal age. The measured velocity increase with crustal age is not uniform across the investigated ridge flanks. For the ridge flanks blanketed with a sealing sedimentary cover, the velocity increase is double that observed on the sparsely and discontinuously sedimented flanks ($60% increase versus $28%) over the same crustal age range of 5-9 Ma. Extrapolation of velocity-age gradients indicates that layer 2A velocity reaches 4.3 km/s by $8 Ma on the sediment blanketed flanks compared to $16 Ma on the flanks with thin and discontinuous sediment cover. The computed thickness gradients show that layer 2A does not thin and disappear in the Juan de Fuca region with increasing crustal age or sediment blanketing but persists as a relatively low seismic velocity layer capping the deeper oceanic crust. However, layer 2A on the fully sedimented ridgeflank sections is on average thinner than on the sparsely and discontinuously sedimented flanks (330 ± 80 versus 430 ± 80 m). The change in thickness occurs over a 10-20 km distance coincident with the onset of sediment burial. Our results also suggest that propagator wakes can have atypical layer 2A thickness and velocity. Impact of propagator wakes is evident in the chemical signature of the fluids sampled by ODP drill holes along the east Endeavor transect, providing further indication that these crustal discontinuities may be sites of localized fluid flow and alteration.
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Introduction
[2] The Earth's oceanic crust crystallizes from magmatic systems generated at mid-ocean ridges. For ridges with fast to intermediate spreading rates, the lower section of the oceanic crust is composed of layered and massive gabbros on top of which lie diabase sheeted dykes and basaltic lavas of the upper oceanic crust. Tens of millions of years can pass until the oceanic crust formed at mid-ocean ridges is subducted, a time window providing much opportunity for crustal evolution to take place. Understanding how oceanic crust evolves is important from the perspectives of both basic science (e.g., energy and mass exchange between the Earth's solid interior and the oceans) and societal impacts (e.g., subduction earthquake hazards). Our knowledge about this evolutionary process remains limited because of the inaccessibility of the oceanic crust and the challenges associated with drilling and sampling it. For these reasons, geophysical surveying has played a major role in oceanic crustal studies during the past several decades.
[3] Early work on partitioning of the igneous oceanic crust into upper and lower seismic layers 2 and 3 [e.g., Raitt, 1963] was almost entirely based on interpretations of first arrival traveltimes. Researchers of the time noted that layer 2 velocities showed significant variation from location to location and speculated that much of this variation may originate within the top part of this layer. Based mostly on its magnetic properties, layer 2 was further subdivided into upper part A and lower part B [Talwani et al., 1971] . This subdivision of layer 2 is still in use, and it is widely accepted that the steep vertical velocity gradient that defines the seismic layer 2A/2B boundary represents a porosity transition zone within the upper crust. However, the geologic nature of this porosity change continues to be debated, with two prevalent hypotheses: Layer 2A/2B boundary defines the geologic boundary between highly porous basaltic lavas and low-porosity diabase dykes [e.g., Herron, 1982; Harding et al., 1993] ; layer 2A/2B boundary is an alteration front in the upper crust, probably within the extrusive section [e.g., Vera et al., 1990; Christeson et al., 2007] . These two hypotheses may not be mutually exclusive for all mid-ocean ridges. For regions with a steady state magma chamber, with little or no off-axis variation in layer 2A thickness over time (e.g., East Pacific Rise), the well-defined base of layer 2A is likely both a lithologic boundary and alteration/permeability front.
[4] The first to make the correlation between the change in upper crustal seismic velocities and crustal evolution were Houtz and Ewing [1976] based on an analysis of sonobouy data from the North Atlantic and Pacific. They concluded that layer 2A velocities increase from 2.8 to 3.3 km/s at the ridge crests to >4.0 km/s on ridge flanks at about 40 Ma-old crust, and speculated that layer 2A likely changes with the passage of time through infilling of voids and cracks due to hydrothermal mineralization.
[5] Many approaches to investigating layer 2A velocity have been applied since the study of Houtz and Ewing [1976] . Most of these studies have extracted upper crustal velocity information from multichannel seismic (MCS) streamer data via 1-D modeling and inversion techniques such as interactive traveltime modeling [e.g., Vera and Diebold, 1994; Rohr, 1994] , genetic algorithms [e.g., Hussenoeder et al., 2002] , or waveform inversion [e.g., Collier and Singh, 1998 ]. Other traveltime modeling studies were based on ocean bottom seismometer or expanding spread profile data [e.g., Vera et al., 1990; Christeson et al., 1993; Grevemeyer et al., 1999] . The primary outcome of these seismic studies is twofold: (1) P wave velocities within the layer 2A approximately double as it matures with increasing distance away from the ridge axis, which is the best documented change in the seismic structure of oceanic crust with age [Purdy and Ewing, 1986] ; (2) Layer 2A thickness (100-200 m) at fast spreading ridges doubles or triples within a few km of the ridge axis [e.g., Kent et al., 1994; Carbotte et al., 2000] , while intermediate to slow spreading ridges are typified by a thicker layer 2A section at the ridge crest, exhibiting modest changes in thickness near axis [e.g., Blacic et al., 2004; Canales et al., 2005] . These patterns of near-axis thickening may reflect differences in the accumulation of lavas linked to eruption parameters and ridge crest topography. Following the lead of Houtz and Ewing [1976] , the velocity change within layer 2A has been commonly attributed to precipitation of low-temperature alteration minerals within the extrusive rocks associated with ridge flank hydrothermal circulation [Jacobson, 1992] .
[6] Recent P wave velocity compilations indicate that at a regional scale layer 2A doubles in velocity within $ <10 Ma of crustal formation [Grevemeyer and Weigel, 1996; Carlson, 1998 ], much more quickly than originally interpreted by Houtz and Ewing [1976] . This increase in seismic velocity of layer 2A may not be a linear function of age. A multistage evolution is suggested by studies on the flanks of the fast spreading East Pacific Rise [Grevemeyer and Weigel, 1997] with rapid velocity increase at young ages (<1 Ma), a more gradual increase up to 5 Ma, gentle increase up to $10 Ma, and no change at greater age. Grevemeyer and Weigel [1997] attribute the variable layer 2A horizontal velocity gradient, horizontal rate of change in layer 2A velocity with respect to ridge-normal distance away from the spreading axis, to different rates of crustal alteration associated with ridge axis and flank hydrothermalism. Numerical simulations [Fisher and Becker, 1995; Wang et al., 1997] and observational studies [e.g., Langseth et al., 1988; Johnson et al., 1993] point to a close relationship between hydrothermal upflow zones and basement relief further suggesting locally variable, topography driven mineral precipitation within layer 2A, and therefore locally variable 2A velocity increase.
[7] Sediment blanketing, acting as a thermal insulator, has been proposed by Rohr [1994] to enhance mineral precipitation within layer 2A and therefore accelerate the velocity increase with crustal aging. From analysis of a single MCS profile crossing the eastern Endeavor flank of the Juan de Fuca ridge, Rohr [1994] found an abrupt increase in layer 2A velocity at very young crustal ages (0.6-1.2 Ma) coincident with a transition from sediment-free to fully sediment-buried oceanic crust.
[8] Here we describe a systematic and uniform approach to extracting upper crustal P wave velocity and layer 2A thickness along hundreds of kilometers of long-streamer MCS profiles focused on gathering new information on oceanic crustal evolution. The primary motivation for this study was to examine on a regional scale the role of basement age and sediment burial on crustal alteration due to ridge flank hydrothermal circulation. We carried out 1-D traveltime modeling of upper crustal structure along ridge-normal MCS transects crossing the Endeavor, Northern Symmetric, and Cleft segments of the Juan de Fuca ridge. Data from a long hydrophone streamer are used to form a dense grid of analysis points, common midpoint (CMP) supergathers, spaced about every 3 km and extending across transects about 300 km long. This detailed approach to extracting upper crustal structure across the ridge axis, extending about 150 km away from the axis on both ridge flanks to 5-9 Ma-old crust, allows us to investigate both regional and local aspects of layer 2A evolution. The layer 2A velocity and thickness study presented in this paper is supported by coincident seismic reflection images, which were formed first to help guide the traveltime modeling. Along the Endeavor transect, which was positioned to coincide with the ODP/IODP Flank Flux experiment [Davis et al., 1992 , drill hole data provide direct constraints on crustal alteration and basement hydrogeologic conditions that can be used for correlation with the upper crustal seismic properties.
Study Area and Seismic Data
[9] The Juan de Fuca ridge, located offshore western North America (Figure 1 ), is the boundary between the Pacific and Juan de Fuca plates. This 480 km long, NNE-oriented intermediate-rate spreading center (56 mm/a full spreading rate [e.g., Wilson, 1993] ) comprises seven 50-100 km long segments, each with a distinct axial morphology and separated by nontransform offsets up to 30 km in length. The Blanco and Sovanco fracture zones bound the Juan de Fuca ridge to the south and north, respectively. Several hundred kilometers to the east is the Cascadia subduction zone.
[10] The western and eastern Juan de Fuca ridge flanks are both crossed by propagator wakes but otherwise show prominent differences. Seamounts are found primarily on the Pacific plate, both as isolated edifices and in chains, several of which lie close to and intersect the Juan de Fuca ridge axis [Davis and Karsten, 1986] . Sediments covering the eastern Juan de Fuca ridge flank are up to a few kilometers thick at the northern Cascadia subduction deformation front [e.g., Nedimović et al., 2003] , and thin toward the ridge axis and southward away from the dominant source of terrigenous sediment. The western Juan de Fuca ridge flank is only sparsely sedimented, although sediment cover generally increases to the north.
[11] In 2002, we carried out an extensive MCS survey of the Juan de Fuca ridge and its flanks during R/V Maurice Ewing expedition EW0207. The MCS data were collected using a 6 km long, 480 channel Syntron digital towed hydrophone array, or streamer, with receiver groups spaced at 12.5 m. Streamer depth and feathering were monitored with a mix of 13 depth-controlling and 11 compass-enhanced DigiCourse birds, plus a GPS receiver on the tail buoy. A 10-element, 49.2 L (3005 in 3 ) tuned air gun array was used as the source of acoustic energy, with shots fired at a 37.5 m spacing under GPS control. Postshot listening time was 10.24 s and the returning acoustic energy was sampled at a 2 ms rate. Data were recorded on 3490E tapes in SEGD format using the Syntron Syntrack 480 seismic data acquisition system. The recorded signal has a bandwidth ranging from $2 Hz to over 100 Hz. The nominal CMP bin spacing is 6.25 m and the nominal data trace fold is 80.
[12] Data were collected within the near axis region Van Ark et al., 2007] as well as along three ridge flank transects crossing the Cleft, Northern Symmetric and Endeavor segments and extending to crustal ages of 5-9 Ma Carbotte et al., 2008] (Figure 1) . Cleft, the southernmost segment crossed by the long transects, has a shallow and broad axial high notched by a 2 -3 km wide axial rift flooded with recent lavas. Northern Symmetric (or Cobb) segment has a narrow, 1-2 km wide depression bisecting the crest of a narrow and deeper axial high. At Endeavor, the northernmost segment crossed by our long transects, abundant faulting is observed in the floor of a 2-3 km wide axial trough and there is little evidence for recent eruptions.
Data Analysis

Seismic Imaging
[13] The prestack processing strategy adopted for the EW0207 MCS data consisted of standard straight-line CMP bin geometry; F-K and bandpass (2-7-100-125 Hz) filtering to remove low-frequency towing noise; amplitude correction for geometrical [Wilson, 1988] . Their age is shown in the legend. Colored overlays outline areas of the crust formed during the normal magnetic periods. Gray overlay outlines the location of propagator wakes. The inset shows the location of the study area with respect to North America. spreading; surface-consistent minimum phase predictive deconvolution to balance the spectrum and remove short period multiples; surface-consistent amplitude correction to balance anomalous shot and receiver-group amplitudes not related to wave propagation; trace editing; velocity analysis using the velocity spectrum method; normal moveout (NMO) and dip moveout (DMO) corrections to align signal for stacking; and CMP mute to remove overly stretched data. The prepared prestack data, with and without automatic gain control, were then stacked (averaged). The poststack processing included seafloor mute, primary multiple mute to reduce migration noise, trapezoidal bandpass filtering (2-7-100-125 Hz), and time migration to collapse diffractions and reposition dipping reflection events. To improve imaging within the oceanic plate below layer 2A/2B boundary, the late traveltime data were additionally bandpass filtered at 2-7-20-40 Hz and mildly coherency filtered.
[14] Extracting an image of the layer 2A/2B boundary, often referred to as the 2A event, requires a somewhat different processing scheme because this event is not a true reflection [Harding et al., 1993] . The prestack data preparation is identical up to the velocity analysis, which is done on bandpass filtered (2-7-40-60 Hz) constant velocity stacks. When the normal moveout velocities that best flatten the retrograde branch of the 2A refraction are chosen, the data are subsequently stacked. The stacked layer 2A event is time migrated and coherency filtered. A surgical mute, used to zero unwanted parts of seismic data, is then applied to extract only the layer 2A event. Merging the extracted layer 2A event with the reflection section forms the final, composite seismic image.
[15] An example of a composite seismic image, transect 17-3-1 (see Figure 1 for location), is shown in Figure 2a . Reflections from the seafloor, sediment interfaces, top of the igneous basement, top of the axial magma chamber, and layer 2A/2B boundary event can all be identified. An enlarged section from the eastern part of this transect is shown in Figure 2b to emphasize the high quality of the collected data. Moho reflections, not shown in Figure 2 , are also well imaged along all transects and are the focus of previous studies Carbotte et al., 2008] .
Traveltime Modeling
[16] We constructed about 6000 constant offset stack CMP supergathers as potential input for traveltime modeling of seismic arrivals. Each of the CMP supergathers is formed by combining data traces from 12 adjacent CMPs and then by stacking the traces with identical nominal source-receiver offsets. Some 300 of the CMP supergathers best suited for the analysis were then used for traveltime modeling in 1-D.
[17] Because the field data are characterized by 37.5 m shot spacing and 12.5 m receiver spacing, and the chosen CMP spacing is 6.25 m, the formed CMP supergathers have 480 data traces with stack fold of 2. We experimented with various CMP supergather configurations, starting from combining 6 adjacent CMPs and ending with combining 24 with an increment of 6, thus forming supergathers with 480 data traces and varying stack fold from 1 to 4. In most cases, the highest signal-tonoise ratio for the seismic arrivals of interest was achieved when combining 12 adjacent CMP gathers. This indicates that for our profiles, the lateral variations in two-way traveltime to igneous basement for traces with identical source-receiver offset become large enough to negatively affect the signal-to-noise ratio when stacking CMPs that are more than $75 m apart.
[18] Our prestack data preparation for traveltime modeling of seismic arrivals is identical to that for the reflection imaging up to the NMO removal. CMP gathers without NMO correction are stacked into CMP supergathers and linearly moved out using velocity of 5500 m/s, the approximate velocity of the layer 2B refractions . CMP supergathers are then read into the JDseis software, which allows us to model reflection and refraction traveltime arrivals for constant velocity and linear velocity gradient layers (see Appendix A for a detailed description of JDseis software).
[19] Selecting and analyzing 300 CMP supergathers spaced at about every 3 km was a significant effort that resulted in a dense grid of 1-D upper crustal velocity functions and layer 2A thicknesses. The selected 300 CMP supergathers are located over the smoothest sections of the igneous basement and have the highest signal-tonoise ratio. These gathers are characterized by prominent seismic arrivals of interest, including triplications caused by the high vertical velocity gradient in the lower part of layer 2A. This is important for our study because observations of prominent layer 2A arrivals are not common; these waves are obscured by other stronger arrivals such as reflections and diffractions. The CMP geometry also greatly reduces possible effects of interface dip on the velocity analysis [Diebold and Stoffa, 1981] . [20] Three example CMP supergathers from each of the investigated long transects crossing Endeavor, Northern Symmetric, and Cleft ridge segments, with and without modeled seismic traveltime arrivals, are shown in Figures 3, 4 , and 5, respectively. Also shown are velocity models used to compute the seismic traveltime arrivals. For all transects investigated, the three CMP supergathers presented cover a range of geologic environments, from the heavily sedimented eastern ridge flank, to the thinly sedimented or sediment-barren igneous crust on the western ridge flank or near the ridge axis. The traveltime modeling on CMP supergathers was carried out by assuming a four or five layer model, depending on the presence or absence of sediments at the investigated location. Seawater and sediment column were modeled as constant velocity layers. Upper layer 2A, lower layer 2A, and uppermost 
Results
[21] Seismic imaging and traveltime modeling results for the three long transects crossing Endeavor, Northern Symmetric, and Cleft ridge segments are summarized in Figures 6 and 7. In Figure 6 , the relationship between the imaged upper crustal structure and layer 2A velocities is compared. Figure 7 shows the relationship between the imaged upper crustal structure and layer 2A thickness. The upper crustal structure in both Figures 6 [22] Uncertainties for measurements of seismic layer velocity and thickness presented in Figures 6 and 7 vary at each CMP supergather location depending on many parameters such as data signal-to-noise ratio, range of offsets over which seismic arrivals can be identified, smoothness and dip of the layer boundaries, and sediment thickness. We carried out a sensitivity analysis to determine the range of permissible model parameters that fit the data. From the maximum and minimum fits, we estimated average uncertainties in individual CMP supergather measurements of velocity and thickness to be: Upper layer 2A average velocity, ±150 m/s; lower layer 2A average 
Seismic Images
[23] Reflection sections (Figures 2, 6 , and 7) show that the western and eastern Juan de Fuca ridge flanks are evolving in a markedly different way due to distinct sedimentary and volcanic histories. Hemipelagic sediments that thin southward are much thicker and more extensive on the eastern ridge flank. Enhanced accumulation of sediment on the eastern flank is in large part caused by the Middle and lower parts show 2A thickness. All the annotation in Figure 7 is identical to the annotation presented in Figure 6 . morphology of the Juan de Fuca ridge, with its cooling and subsiding flanks forming basin-like depositional environments and its elevated axial region acting as a barrier that inhibits the transport of terrigenous sediment to the western flank.
[24] Sediments across the north-central section of the eastern ridge flank completely cover the igneous basement starting 20-30 km east from the ridge axis (Figures 6a and 6b, top) . However, this thermal blanketing of igneous basement [e.g., Wheat and Mottl, 1994] does not appear to be present in the southern section (Figure 6c , top) because the sedimentary cover in the area is pierced by many basement highs that may act as basement ventilators. Sedimentary cover on the western flank is generally thin and discontinuous due to the abundance of seamount volcanism [Davis and Karsten, 1986] , although some isolated pockets of thicker accumulations are identified in the north.
Layer 2A Velocities and Thicknesses
[25] Layer 2A velocities ( Figure 6 ) show a systematic increase with distance from the ridge axis that differs in magnitude between the seismic transects and within each transect across the eastern and western ridge flanks. On the eastern flank, there is a significant increase in layer 2A velocities of about 60% along the Endeavor ($2.5-4.0 km/s) and Northern Symmetric ($2.3-3.7 km/s) transects as the crust ages from 0 to 5-7 Ma. East of the Cleft ridge segment, along the southern transect, the velocity increase is smaller (approximately 32%; $2.5-3.3 km/s). Similar to the east Cleft transect, more modest increase in layer 2A velocity with crustal age is identified across the western ridge flank. For west Endeavor, Northern Symmetric, and Cleft transects the velocity increases are about 24% ($2.5-3.1 km/s), 30% ($2.3-3.0 km/s), and 24% ($2.5-3.1 km/s), over approximately 5, 4, and 9 Ma, respectively.
[26] There are no systematic variations in layer 2A thickness with distance from the ridge axis along any of the transects (Figure 7) . However, average layer 2A thicknesses along the eastern Endeavor and eastern Northern Symmetric flanks are less than that along the eastern Cleft and all of the western flanks (see Table 1 ). Similar transect-totransect differences in average thicknesses are observed for the low velocity gradient upper section of layer 2A but not for the high-velocity gradient lower section of layer 2A, whose thickness shows less variation (Table 1) . Therefore, much of the variability in layer 2A thickness measured from one ridge segment to another originates within the low-velocity gradient upper section of layer 2A. Thickness estimates for very young crust (<1 Ma), where constructional volcanism may still be taking place, were excluded from the computation of average thicknesses shown in Table 1 .
[27] The traveltime modeling results accurately reveal regional layer 2A velocity increases and 2A thickness changes. Variability of layer 2A velocity and thickness, from one 1-D analysis to another, diminishes from north (Endeavor transect) to south (Cleft segment). Shorter wavelength variations in layer 2A velocity and thickness, superimposed on the long-term systematic trends, are also apparent. Nevertheless, because of the still limited lateral resolution of our dense 1-D study, we restrict our discussion to velocity and thickness anomalies that laterally extend for more than 5-10 km.
Discussion
[28] The results presented in this work are compared to observations of layer 2A evolution evident in existing global syntheses of Carlson [1998] and Grevemeyer et al. [1999] . Regionally, we compare our east Endeavor segment results with those from the coincident study of Rohr [1994] and the results of ODP/IODP Flank Flux experiment [Davis et al., 1992] . Additional constraints on the oceanic crustal structure on the flanks of the Juan because it results in smaller residuals and appears most appropriate for our data set. During fitting we removed the data outliers due to anomalous crust in propagator wakes. Examples include the propagator wake along the eastern Endeavor ridge flank and the crust west of CMP 8000 on the Cleft transect, where crustal age cannot be determined accurately due to two closely spaced propagator wakes (Figures 1 and 6 ). Final regressions were done on $95% of the original measurements.
Computed horizontal velocity gradients for all investigated flanks are shown in Table 2 .
[30] We use a linear extrapolation of the trends computed on $0-6 Ma-old crust to estimate the crustal age at which the layer 2A velocity will be double that found on the ridge axis. Our results suggest that the layer 2A velocities across the eastern ridge flank for the Endeavor and Northern Symmetric transects double by an age of $9 and $11 Ma, respectively, compared with $25, $20, and $23 Ma for the western Endeavor, Northern Symmetric, and Cleft ridge flanks. For the layer 2A velocities to double along the eastern Cleft ridge flank it is estimated that the crust has to age for $21 Ma, significantly more than that along the eastern Endeavor and eastern Northern Symmetric ridge flanks, and more in line with the estimates for the western ridge flanks. If the layer 2A velocity increase is better described by a power law [Carlson, 2004] or by a smoothly varying polynomial [Grevemeyer and Weigel, 1996] , as suggested for the global velocity data set, then doubling of layer 2A velocities along the Juan de Fuca ridge flanks would take longer than estimated here.
[31] Another approach to evaluating crustal evolution is to estimate crustal age at which layer 2A reaches velocities typical for mature oceanic crust [e.g., Grevemeyer et al., 1999] . For the eastern flanks of the Endeavor, Northern Symmetric, and Cleft ridge segments we estimate using linear extrapolation that the velocity of $4.3 km/s is reached at $7, $9, and $15 Ma, respectively. For the western flanks, the corresponding ages are $17, $17, and $16 Ma.
[32] Crustal ages computed by linear extrapolation of layer 2A velocities in both cases lead to similar conclusions. The results for the eastern Endeavor and eastern Northern Symmetric ridge flanks, which are blanketed with a sealing sedimentary cover, are consistent with the hypotheses that layer 2A velocities double or reach mature oceanic crust values of $4.3 km/s within <10 Ma [Grevemeyer et al., 1999; Purdy, 1987; Grevemeyer and Weigel, 1996] . The other four flanks, those with thin and discontinuous sediment cover, show a more gradual increase in layer 2A velocities, reaching $4.3 km/s within 15-17 Ma.
[33] To further investigate the relationship between the Juan de Fuca ridge flank layer 2A velocities analyzed here and the existing global database [Carlson, 1998; Grevemeyer et al., 1999] we plot the two together in Figure 8 . Velocities from our Houtz and Ewing [1976] . Because these investigations were usually done over a relatively small section of the oceanic crust, they could not individually address one of the key hypotheses proposed by Houtz and Ewing [1976] that layer 2A ''thins'' with increasing crustal age and eventually becomes seismically indistinguishable from layer 2B. By the mid-1990s, however, there were enough observations from individual seismic refraction experiments to compile a database [Grevemeyer and Weigel, 1996] , expand it to include drillhole results [Carlson, 1998] , and statistically analyze it. From his analysis Carlson [1998] concludes that layer 2A does not disappear with increasing crustal age but persists as a region of relatively lower seismic velocities capping the oceanic crust.
[35] Statistical analysis done by Carlson [1998] cannot be applied to our data as most of our traveltime modeling was done on young oceanic crust (0-5 Ma) and at no place, even within the older crust (5-9 Ma), do the layer 2A velocities reach those found in the mature oceanic crust ($4.3 km/s). Therefore, to further contribute to the work of Houtz and Ewing [1976] and Carlson [1998] , we take a direct approach and investigate the fate of layer 2A along the Juan de Fuca ridge flanks by fitting the layer 2A thickness data from each ridge flank both independently and jointly. Long-term thickness trends are calculated excluding results from young crust (0-1 Ma) that may be affected by accretionary processes at the ridge axis.
[36] The computed thickness gradients (see Table 2 ) for one half of the investigated flanks are negative (Endeavor east, Endeavor west, and Cleft east), and Note that the velocity analysis done for this study was a significant effort that resulted in three to four times as many layer 2A velocity data points as there are in the global compilation [Carlson, 1998; Grevemeyer et al., 1999] , but that these velocities characterize a relatively small and unique region of the oceanic crust. for the other half are positive (Northern Symmetric east, Northern Symmetric west, and Cleft west). This points to lack of systematic variation of layer 2A thickness with increasing crustal age for the Juan de Fuca region. Furthermore, the errors in the computed thickness gradients (Table 2 ) are of about the same magnitude as the gradients themselves, so thinning of layer 2A with increasing crustal age is not statistically significant even for individual flank transects with negative thickness gradients.
[37] Figure 9a , where the relationship between layer 2A thickness and crustal age for all six transects is jointly examined, lends further support for the conclusion that the layer 2A is not gradually thinning and disappearing in the Juan de Fuca region. The computed thickness gradient of -2 ± 4 m/Ma indicates that there is no systematic change in layer 2A thickness of some 400 m (400 ± 100 m mean value) with changing crustal age throughout the region. In Figure 9b , we plot the same data set as in Figure 9a but include thickness values determined for the first 1 Ma of oceanic crust. Despite what appear to be several outliers in the young oceanic crust, regression values for the whole data set differ little from those computed for crust older than 1 Ma.
Impact of Sediment Cover
Sediment Cover and Layer 2A Velocity
[38] Sedimentary cover is believed to exert important control on the process of hydrothermal deposition within the upper igneous crust [e.g., Jacobson, 1992; Alt, 1995] . In particular when the sediments are sealed and are insulating layer 2A from the seawater above, the resulting higher basement temperatures hasten the alteration of basalts. At the Endeavor segment, basement temperatures increase from <10°C near the ridge axis, where there are no sediment deposits, to 40-50°C some 20 km east from the onset of the continuous sedimentary cover [Davis et al., 1992; Wheat and Mottl, 1994] . For the low temperature alteration regime (<150°C) [Hunter et al., 1999] , a significant change such as this could speed up the hydrothermal deposition which could affect layer 2A velocity to a degree that can be detected using seismic techniques in addition to the crustal aging effect. This is possible because large changes in seismic velocity can be generated with small reduction in total porosity by preferential sealing of low aspect ratio (thin) cracks [Wilkens et al., 1991] .
[39] The differences in the increase of layer 2A velocity as a function of crustal age between individual ridge flanks (see section 5.1.1) are directly correlatable with the distribution and characteristics of the sedimentary cover within the Juan de Fuca region (Figure 6 ). The largest velocity increase with age is found in the north central part of the eastern Juan de Fuca ridge-flank region (east Endeavor and east Northern Symmetric flanks), where the most continuous and thickest sedimentary cover is imaged (Figure 8) . In this area, there are only a few isolated basement outcrops [e.g., Fisher et al., 2003] . The rate of change in layer 2A velocity as a function of crustal age decreases as the continuity and thickness of the sediments are reduced southward to the moderately sedimented east Cleft flank and to the sparsely sedimented igneous crust on the western ridge flanks.
[40] Comparison between the influence of the sediment thickness and continuity of sedimentary cover shows that the latter appears to have a greater effect on the layer 2A evolution. Sealing sedimentary cover appears to double the effect of crustal aging on layer 2A velocities, as evidenced at the east Endeavor and east Northern Symmetric ridge flanks. The east Cleft and west Endeavor flanks, where significant sediment accumulations are confined to minibasins between large basement outcrops, show similar horizontal gradients in layer 2A velocity as the west Northern Symmetric and west Cleft flanks, which are sparsely sedimented or sediment starved (Table 2) .
Comparison With Earlier Results
[41] Overall, our results are consistent with the rapid increase in 2A velocities with sealing sediment cover at the east Endeavor ridge flank found in the earlier study of Rohr [1994] . However, despite general agreement in the velocity trend, there are important differences between the two investigations in the upper crustal velocities obtained. In Figure 10a the estimated layer 2A velocities from both studies are presented for the 50 km section east of the Endeavor ridge where the MCS profile analyzed by Rohr [1994] and the EW0207 transect 17-3-1 are coincident. Within the 19 km closest to the ridge axis, where there is no measurable sedimentary cover, average layer 2A velocities from this study (stars in Figure 10a ) are lower than Rohr's [1994] layer 2A interval velocities (green circles) by some 0.5 km/s, on average. This difference becomes much greater, on the order of $2 km/s, for the sedimented section (19-50 km).
[42] Interval velocities for the Rohr [1994] study are estimated from stacking velocities using the Dix [1955] method that applies well to a horizontally stratified earth with constant velocity layers but not so well for layer 2A with its velocity gradients and velocity gradient reflections. On the basis of comparisons between the Dix solutions and forward traveltime models for known velocity structure Rohr [1994] concludes that the Dix approximation has overestimated the interval velocity of layer 2A by $0.3 km/s for the nonsedimented section, and by as much as 1 km/s for the sedimented section of the east Endeavor profile. We use this analysis to correct and replot velocities from Rohr [1994] for a better comparison of layer 2A velocities [ Figure 10b ]. We also compute layer 2A interval velocities for our study using the same approach as Rohr [1994] and plot them (red circles in Figures 10a and 10b ) without the correction estimated by Rohr [1994] .
[43] Figure 10b shows that the corrected Rohr [1994] velocities for the unsedimented section of the profile and for the first 10 km of the sedimented section mostly agree with velocities from this study, although they remain marginally higher in particular for the 15 km closest to the ridge axis. For the profile section from 30 to 50 km, corrected Rohr [1994] velocities remain significantly higher than the velocities from this study. At a greater distance from the ridge axis, from 50 to $150 km along the profile (not shown in Figure 10 ), layer 2A velocities in Rohr [1994] maintain an average value of $5.5 km/s ($4.5 km/s after correction), while velocities in this study only gradually increase to $4 km/s.
[44] Interval velocities computed in this study from stacking velocities (Figures 10a and 10b) for comparison with the same from Rohr [1994] are for the most part higher than the average layer 2A velocities computed from the results of our traveltime modeling. The mean difference between the two estimates is $0.35 km/s for the unsedimented and $0.25 km/s for the sedimented section of the profile. Interestingly, this is in agreement with the Rohr [1994] estimate for the unsedimented crust ($0.3 km/s), but much less than was suggested for the sedimented crust (up to 1 km/s). As such, interval velocities from this study show improved agreement with the corrected interval velocities from Rohr [1994] (Figure 10b ). However, even after applying the velocity corrections, the key features of the velocity mismatch persist.
[45] We attribute the disagreement in the estimated layer 2A velocities between the two studies to the traveltime analysis techniques applied and the different vintage data used. The most important difference between the two spatially coincident data sets is that ours was collected some 15 years later with about twice as long streamer and digital technology, providing longer source-receiver offset information and ensuring improved data quality. Having larger offsets turned out to be important for imaging and traveltime modeling as the layer 2A refraction for the Juan de Fuca region turns at distances between about 2 and 4.5 km (Figures 3,  4 , and 5). Far offsets are particularly important for investigating the sedimented sections of the ridge flanks as the basement in this area becomes deeper and layer 2A refractions occur at the higher end of the 2 to 4.5 km offset range (Figures 3, 4 , and 5).
[46] Data analysis for the Rohr [1994] study must have been challenging for the sedimented igneous basement where only a fraction of the layer 2A refraction was recorded due to the short maximum offset of 3-3.6 km. Individual interval velocity estimates from Rohr [1994] for this deep section of the igneous basement show much greater variability than for the unsedimented basement further supporting this conclusion. The difference between successive layer 2A interval velocity measurements, spatially separated by just a few kilometers, increases with increasing depth to the basement (see Figure 4 in the work of Rohr [1994] ) reaching >3 km/s. Therefore, it is not surprising that the velocities for the two studies agree within error bounds for the shallow unsedimented igneous crust close to the ridge axis where the data used by Rohr [1994] fully image layer 2A event, but do not agree for the deep sedimented section of the igneous basement where the older data lack the far offsets needed to constrain the layer 2A velocities accurately.
[47] The main difference in the data analysis approach between the two studies is that Rohr [1994] applied a method that models constant velocity layers and is suited for reflection arrivals, while we used a modeling technique that also allows for vertical gradient velocity layers and is applicable for investigating both reflection and refraction arrivals. This is significant as the layer 2A event is a wide-angle retrograde refraction that for our basement depths does not occur at offsets of <2 km and will therefore stack well at a wide range of NMO velocities. Since for thin layers such as 2A even small variations in the NMO velocity lead to large variations in the derived interval velocity, it is challenging to constrain accurately layer 2A interval velocities based on this approach [e.g., Harding et al., 1993] . Interval velocities derived from stacking velocities for this study show less variation than those from Rohr [1994] because we have better constraints from long offsets, as already discussed, but also because initial traveltime modeling using vertical gradient velocity layers indicated the need to use consistently the minimum NMO velocity that results in a high-quality layer 2A stack.
Sediment Cover and Layer 2A Thickness
[48] Potential impact of the sealing sedimentary cover on layer 2A thickness is investigated using the same approach as taken in section 5.1.2 to study the relationship between layer 2A thickness and crustal age. Layer 2A thickness estimates from the east Endeavor and east Northern Symmetric ridge flanks, where a generally continuous sediment cover is observed, are plotted in Figure 11 and simple linear regression is applied. The computed thickness gradient of 0 ± 6 m/Ma indicates lack of any systematic trend in layer 2A thickness, which after sediment burial measures on average some 330 ± 80 m. However, layer 2A along the fully sedimented east Endeavor and east Northern Symmetric ridge flanks is on average 100 m thinner than along the sparsely and/or discontinuously sedimented conjugate west flanks and both flanks of the Cleft transect (average thickness of 430 ± 80 m).
[49] The change from a thicker to a thinner layer 2A on the fully sedimented ridge flanks appears to occur within small sections of the seismic transects that extend some 10-20 km and mark the onset of sediment burial. This change in layer 2A thickness is more pronounced on the east Endeavor (CMPs 19000 -21000 in Figure 7a ) than on the east Northern Symmetric ridge flank (CMPs 21000-23000 in Figure 7b ). No further change in layer 2A thickness is observed beyond the onset of full sediment burial region.
[50] We speculate that the change to thinner layer 2A along the sedimented eastern flanks may largely reflect alteration of the lower part of layer 2A with onset of a warmer hydrothermal regime linked to sediment blanketing [Davis et al., 1992] with enhanced precipitation of alteration minerals [Hunter et al., 1999] . Reduction in bulk porosity within layer 2A through infilling of small voids and cracks with mineral precipitates would be expected to have the strongest effect on the high velocity gradient lower section of layer 2A, characterized by lower intrinsic porosities inherited from crustal formation. The closing of thin cracks within this transition zone results in velocity increase that makes the lower part of the high gradient section of layer 2A seismically indistinguishable from layer 2B, essentially leading to a reduction in the layer 2A thickness.
[51] The thinner layer 2A along the fully sediment buried sections of the east Endeavor and east Northern Symmetric flanks may have developed only recently and over a short time period. Sedimentation history in this region is not directly coupled with crustal aging and full sediment burial at the east Endeavor and east Northern Symmetric flanks may be as recent as 0.1 Ma. Hence full burial and therefore more vigorous hydrothermal regime might have affected much of the now blanketed sections of the ridge flanks within a time period that is much shorter than the age of the sediment covered crust, leading to a simultaneous change in layer 2A thickness across a significant crustal age range.
Impact of Propagator Wakes
[52] Local variations in layer 2A velocity and thickness are evident at more than half of the crossed propagator wakes (Figures 6 and 7) . The most prominent of these anomalies is found along the east Endeavor transect where a propagator wake is crossed 40-45 km from the ridge axis. Where a local change in layer 2A velocity is identified, it is characterized by increase in the velocity of the high-gradient, lower-layer 2A (0.2-0.5 km/s) and little change in the low-gradient, upper-layer 2A velocity. This leads us to suggest that propagator wakes may represent regions of channelized fluid flow that can potentially have a significant effect on alteration history and basement fluid-flow patterns not previously recognized. Alternatively, the anomalous layer 2A structure could be inherited from the time of crustal accretion [Bazin et al., 2001] .
Correlation With Drill Hole Studies Along the East Endeavor Corridor
[53] Our east flank Endeavor seismic profile is coincident with the borehole transect of Leg 168 of the Ocean Drilling Program (ODP), providing a unique opportunity to constrain inferences from the seismic data on alteration of the shallow oceanic crust. Ten holes along a transect $120 km long were drilled through the sediment column and into the shallow basement (mostly <10 m), with sediment pore water samples collected to the sedimentbasement interface [Elderfield et al., 1999] . Stored samples were later analyzed to examine the conditions of fluid-rock interactions in the low temperature (<150°C) hydrothermal regime that varies from one with open communication with the seawater column to one with very limited communication with the ocean . Results of these analyses indicate that the seawater passing through the oceanic crust has reacted with basement rocks [e.g., Elderfield et al., 1999] and alteration minerals in shallow basement rocks indicate a general trend of increasing alteration with distance across the eastern flank from the ridge axis, as well as with depth of sediment burial [Hunter et al., 1999] . These results confirm that the progressive increase in 2A velocities we observe are linked to alteration of the uppermost crust.
[54] In Figure 12 , we compare the change in physical properties of the uppermost crust, namely P wave velocities from this study, with the change in the strontium isotope ratio and sulphate content of the borehole basement fluids along the east Endeavor ODP transect. On a regional scale, increase in the layer 2A P wave velocity correlates well with major changes in these two pore fluid chemical parameters indicative of increased fluidrock reactions. Other chemical parameters [see Elderfield et al., 1999] , not shown in Figure 12 , show similar correlation. The majority of geochemical change occurs within the first 30-40 km from the onset of the sedimentary cover, coincident with Davis et al. [1997] and Elderfield et al. [1999] . Shaded area outlines the location of a propagator wake. the prominent basement scarp $19 km eastward from the ridge crest. Velocities do not start to change immediately with the onset of sedimentary cover but rather some 5-10 km eastward from this location. Beyond this point velocities, when the effect of the propagator wake is removed, appear to increase approximately monotonously with distance away from the ridge crest.
[55] Notably, the propagator wake is the site of ODP Leg 168 drill holes 1030, 1031, and 1028 (Figures 6 and 7: 1030 and 1031 on the young crust side, 1028 across the age discontinuity on older crust). Basalts sampled at the base of hole 1025 to the west of the wake are vesicular massive ferrobasalts and can now be recognized as the Fe-rich basalts often found in proximity to propagating ridge tips. Basement recovery for holes drilled within the wake itself was negligible which could reflect more sheared and fractured basement associated with these structures. The chemical signature of the fluids sampled over the propagator wake show either anomalous values or a major change in spatial gradient. This further supports our suggestion that propagators may locally modify the regional basement fluid flow and could be characterized by a unique alteration history.
Conclusions
[56] We described a systematic and uniform approach to extracting upper crustal P wave velocity and layer 2A thickness from our 2002 Juan de Fuca MCS data by 1-D traveltime modeling at $3 km intervals along 300 km long transects crossing the Endeavor, Northern Symmetric, and Cleft ridge segments. For this analysis we constructed 6000 constant offset stack CMP supergathers and selected 300 best suited for 1-D traveltime modeling. To support the traveltime modeling, we first formed coincident seismic reflection images.
[57] Regionally, our results show a direct correlation between an increase in layer 2A velocity and increasing crustal age. However, the identified velocity increase varies across the investigated ridge flanks and supports a first-order effect of full sediment burial on layer 2A evolution. For the flanks blanketed with a continuous sealing sedimentary cover, the velocity increases at about twice the rate observed for ridge flanks with sparse or discontinuous sediment cover (0.24 versus 0.11 km s À1 /Ma). Extrapolation of the rate of velocity change with crustal age suggests that on the flanks with continuous sediment cover layer 2A velocity may reach values typical of mature oceanic crust ($4.3 km/s) in <10 Ma. For the sparsely sedimented or sediment barren flanks velocities increase more slowly ($16 Ma to reach $4.3 km/s). The correlation between layer 2A velocity and sediment cover is likely due to more rapid precipitation of alteration minerals in the porous upper crust as the hydrothermal regime evolves from one dominated by open exchange with the water column to a regime that is effectively closed to seawater exchange by the sealing sedimentary blanket.
[58] The computed ridge-normal thickness gradients show that layer 2A does not systematically thin and disappear in the Juan de Fuca region with increasing crustal age, although the increasing seismic velocities indicate progressive alteration. Layer 2A persists as a region of relatively lower seismic velocities capping the oceanic crust regardless of the presence and type or lack of the sedimentary cover. However, layer 2A along the fully sedimented ridge flanks is on average 100 m thinner than along the sparsely and discontinuously sedimented flanks (330 ± 80 m versus 430 ± 80 m). The transition from thinner to thicker layer 2A appears to take place in the region some 10-20 km wide and centered on the onset of sediment burial. Change in layer 2A thickness beyond the onset of full sediment burial region is not observed.
[59] We speculate that the change to thinner layer 2A along the sedimented eastern flanks is caused by alteration of the lower part of layer 2A with onset of a warmer hydrothermal regime linked to sediment blanketing with enhanced precipitation of alteration minerals. Consequent closing of thin cracks in the low-porosity lowermost layer 2A results in velocity increase that is significant enough to make this section of layer 2A seismically indistinguishable from layer 2B, essentially reducing the layer 2A thickness. The thinner layer 2A along the fully sediment buried sections of the east Endeavor and east Northern Symmetric flanks may have developed only recently and over a short time period. This is possible due to decoupling between the sedimentation history and crustal aging that provides a mechanism for recent full sediment blanketing and simultaneous layer 2A thinning within sedimented crust of different age.
[60] Locally, our results show correlation between the location of propagator wakes and a change in layer 2A thickness and velocity. This indicates that either some propagator wakes represent zones of enhanced fluid flow and enhanced precipitation of alteration minerals, or extrusive sections in these areas are formed in a unique way. The chemical signatures of the fluids sampled by ODP/IODP drill holes along the east Endeavor transect support this observation. Other short wavelength variations in 2A structure are evident in our analysis but determining the origin of these anomalies will require application of 2-D analysis techniques, in particular 2-D tomography. tion, and refraction. Two types of refracted arrivals have been used for interpretation: head waves and turning, or diving rays. A head wave arises when a wave intersects a velocity discontinuity at one particular angle (the ''critical angle'') at which its refraction creates a phase that travels along the discontinuity. Virtually all of the incident energy, however, is reflected upward, the critical reflection. On the other hand, a wave traveling at an angle within a vertical velocity gradient will refract continuously, following a circular path. When these waves are turned enough that they begin to travel upward, they are in fact ''totally refracted.''
[63] A generalized layer represented by a vertical velocity gradient and a velocity discontinuity at its bottom can generate all four types of arrivals ( Figure A2 ). JDseis models are made up of a stack of such layers, any of which may or may not include a vertical velocity gradient. Analysis is carried out from top down, since the results of each overlying layer affect the raypaths in layers below. When creating a new model, layers are added or inserted as needed, and their two way times and velocities altered to obtain the best fit ''by eye'' to observed arrivals in the data. As these changes are made, a graphic display of the current model is updated ( Figure A1 ) so that the creation of erroneous and unrealistic layers can be avoided.
While modeling gathers along an MCS line, it is most productive to modify existing models from adjacent locations. In this way, horizons can be tracked consistently along the line. Identification of primary arrivals in the data and choice of which arrivals to fit is a crucial step in the analysis, and accuracy depends heavily on the experience of and care taken by the interpreter. Best results are usually attained through working iteratively with groups of records acquired in geologically similar environments. The same arrivals should appear on each record, but due to differences in water depth and other layer thicknesses, the exact position and appearance of various arrivals will differ, making it easier to decide whether or not they in fact exist.
A2. Accuracy
[64] It is difficult to properly quantify the accuracy of any method of velocity analysis. This is due to the great variety in the appearance of the arrivals and in the range of offsets over which they may be observed. The default velocity step used in the JDseis ray tracing is 5 m/s, and when reflected or refracted arrivals can be observed over a significant enough range of offsets, the velocity resolution under ideal circumstances is within this range. This condition is usually met with reflections within homogeneous layers. Postcritically refracted arriv- 
